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r Introduction 
The theme of this symposium is “Proteases 
and Antiproteases in the Lung,” especially 
the potential importance of these substances 
. in mediating various forms of'lung injury. 
The subject has been reviewed elsewhere, 
particularly in connection with the patho* 
genesis of pulmonary emphysema (1-6). It 
i\ is well known that oxidizing agents also can 
produce tissue damage; indeed both pro¬ 
teases and activated species of oxygen have 
been' implicated as mediators of immuno¬ 
logic lung injury (7). This report attempts 
to link these two pathways of pulmonary 
connective tissue destruction because, in 
addition to their capacity to injure cells and ! 
intercellular matrix directly, oxidants can 
also perturb the homeostatic balance be¬ 
tween proteases and their regulatory inhibi¬ 
tors (8, 9). Particular emphasis will be placed 
on the inactivation of alpha 1-proteinase in- 
. hibitor'(the: major regulator of neutrophil 
elastase in the lower respiratory’ tract of 
man (10)) by oxidants in cigarette smoke 
and in secretions of phagocytic cells. Sever¬ 
al'other actions of cigarette smoke, which 
may also contribute to connective tissue ab¬ 
normalities inithe. lung,, will.be discussed. 
Possible biochemical links between pulmo¬ 
nary emphysema and cigarette smoking will 
be summarized and several questions raised 
for future study. 

;;-i . i i: "' *•< lA -r ;* ' ~ 

Meehan ism of Elastase Inhibition By 

- Alpha 1-Proteinase Inhibitor and the , 

Effect of Oxidizing Agents 
' Alpha !-proteinase inhibitor (alpha 1-anti¬ 
trypsin, alPi) appears to act as a pseudo- 
substrate for its target proteases, and the 
site at w hich recognition and/or proteolysis 
occurs represents the active-site of the in¬ 
hibitor (II). Structural'studies have shown 
that the active site of a-l Pi contains a me¬ 
thionine-serine peptide bond (12-14);, al¬ 
though the possible presence of multiple ac- 
'live sites has not been ruled out (I4, 15). 
Apparently this methionine-serine bond is 

- recognized early in a series of reactions that 
ultimately leads to formation of extremely 
stable complexes between one mole of pro¬ 
tease and one mole of inhibitor. The high 
stability of this complex may be based on 
covalent bonding between the protease’s ac¬ 
tive center and the active site of the inhibi¬ 
tor; although the precise mechanism is not 
known j In any event, the inhibition of elas¬ 
tase by alPi depends on the integrity of a 
methionine-serine sequence in the active site 
of the inhibitor, and perhaps that of an ad¬ 
ditional methionine residue near the active 


SUMMARY Elastase/elastase Inhibitor imbalance In the lung has been implicated In the patho¬ 
genesis of pulmonary emphysema. In light of this, it may be significant that the activity of two 
major elastase inhibitors, alpha 1-proteinase Inhibitor (alpha 1 -antitrypsin, olPi) and bronchial 
mucous proteinase inhibitor, can be decreased by oxidizing agents. The effect can be observed 
with ozone, substances present lb cigarette smoke, and oxygen metabolites generated by lung 
macrophages as wellias peroxldative syslems released by other phagocytic cells. Thus <r1 PI 1 
recovered from lung washings of cigarette smokers has only halt the predicted normal activity 
per mg inhibitor and contains 4 moles of methionine sulfoxidb (oxidized methionine) per mole of 
Inactive inhibitor. By contrast, «1Pi ipurified from nonsmokers' lung washings is fully active and 
contains only native melhionine. At the same time, lung washes from some smokers show signifi¬ 
cantly greater hydrolytic activity against a specific synthetic elcstbse substrate than do lung 
washes of nonsmokers. These findings suggest that some smokers may develop an acquired im¬ 
balance between elastase and elastase inhibitor In Iheir lungs, favoring activity of the enzyme. In 
addition to the potential ietfect of cigarette smoking on lung etastase/elastase Inhibitor balance, 
smoking also may Interfere with elastic repair mechanisms. Specifically, acidic water-soluble 
gas phase components of cigarette smoke prevent synthesis of desmosine cross-links during 
•laslinogenesis in vitro. This report will attempt to correlate the foregoing information on bio¬ 
chemical Ichanges in (he lung induced by cigaretie smoking wrth the development of emphysema 
Inthesmoker. AM REV RESPIR DJS 1983; 127:S31-S3» 


site as well (12, 13, 16). In addition to meth¬ 
ionine, the configuration of lysine (17) and 
tyrosine (18) residues in olPi may also af¬ 
fect its anti pro! ease activity. 

Oxidation of a 1 Pi ibychloramine-T or N- 
chlorosuocinimkte, under conditions that 
favor the selective oxidation of methionine 
thioether groups, results in a loss ofiinhibi- 
tory activity (13, 16, 19-22), Structural 
studies have since confirmed that inactiva¬ 
tion of o 1 Pi by chloramine-Tor N-chloro- 
succinimide is associated with the oxidation 
i of two methionine residues in the inhibitor, 
one of which is present! in the methionyl* 
seryl active site (13, 22)1 Oxidation of the 
active site methionine residue results in re¬ 
duced interaction of the inhibitor with neu¬ 
trophil and pancreatic elastase as well as 
trypsin (13, 20-22). Chymotrypsin-inhibito- 
ry capacity, of olPiiis relatively unaffected 
by oxidation, w’hereas elastase-inhibitory 
activity is most severely; affected (13.20-22). 

Oxidation of the inhibitor reduces the rate 
of its association with neutrophil elastase by 
a factor of 2,000 compared with'that of 
the native inhibitor (21). Any elastase-oIPi 
complexes that may be formed appear to be 
less stable than i normal (21). Similar find¬ 
ings have been obtained with synthetic elas¬ 
tase substrates containing methionine adja¬ 
cent to the scissite bond. Oxidation of the 
methionine side-chain in these synthetic 
peptides also reduces the rate of their inter- 
aclioniwiih PMN elastase(19,23). Suppres¬ 
sion of the inhibitory capacity of alPi by 
oxidation also renders this protein suscepti¬ 
ble to proteolytic digestion. After incu¬ 


bation of oxidized alPi with elastase, the 
inhibitor is partially degraded (21), In ad¬ 
dition to methionine oxidation, a recent 
study has shown that specific oxidation of 
tyrosine residues in alPi can also inactivate 
its inhibitor}- function (18). 

Besides cl Pi, a potent local'inhibitor of 
neutrophil elastase and cathepsin G is found 
in bronchial secretions (24)J The bronchial 
mucous inhibitor (BMPi) has been purified 
and shown to be a cationic protein with a 
molecular weight of 10 to 13,000 dallons 
(25, 26). Gadek and colleagues (10) reported 
undetectable levels of BMPi in bronchoal- 
veolar lavage fluids of humans, and they 
and others (27) have suggested that the pri¬ 
mary function of BMPi is to protect the up¬ 
per airways (bronchi,, trachea, and naso¬ 
pharynx) against proteolyricaUy-mediatcd in¬ 
jury. The active site structure of BMFi is 
not presently known; however, oxidizable 
residues also appear to be present close to 
the reactive center of this inhibitor (Fritz H, 
personal communicaiion). A closely related, 


1 From the Department of Pathology, Slate 
University of New York at Stony Brook (A.J.. 
H.C...P.L.), and the Department of Medicine, 
Nassau County Medical Cemer (L.R.). 

2 Partly supported by grants from the United 
States Public Health Service (HL-14262) and the 
Council for Tobacco Research - U.S.A., Inc. 
(I J43)j 

> Requests for reprints should be addressed to 
Dr. Aaron Jarnoff,, Department of Pathology, 
Health Science Center, SUNY at Stony Brook, 
Stony Brook, New York 11794. 
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low molecular weight, acid-stabfe inhibitor 
in dog submandibularis glands contains a 
methionyl-aspartyl bond in its elastase and 
chymotrypsin-directed reactive center (28). 
As might be expected, BMPi can also be in¬ 
activated by chemical oxidants in vitro (29). 

To assess the potential importance of 
these findings for the pathogenesis of pub 
monary emphysema in humans, one need 
only note that when the activity of circulat¬ 
ing a 1 Pi is depleted by treatment of experi¬ 
mental animals with a chemical oxidant, 
connective tissue changes suggestive of early 
stages of panarinar emphysema develop 
(30). The human respiratory tract is con¬ 
stantly exposed to various sources of oxidiz¬ 
ing activity, in addition to oxygen itself, se¬ 
lected human populations are exposed to 
oxidizing environmental pollutants such as 
ozone, oxides of nitrogen and sulfur, and a 
host of oxidizing free-radicals present in 
cigarette smoke (see following). Moreover, 
phagocytic cells present in the lung (alveolar 
macrophages, neutrophils) generate copi¬ 
ous amounts of hydrogen peroxide and 
other activated oxygen metabolites (see fol¬ 
lowing), and this effect is increased by 
smoking. In the following section, some of 
these oxidants and their -.in vitro and in vivo 
effects on lung elastase-inhibitors will be 
discussed in further detail. 


In Vitro Inactivation of Antiproteases 
by Cigarette Smoke Solutions 
Freshly prepared aqueous solutions of un- 
fractionated cigarette smoke, partly Claris 




Tied by low-speed centrifugation, can sup¬ 
press the elastase-inhibitory capacity of 
human serum (19), Immunoelectrophoresis 
of mixtures of aqueous smoke solution, hu¬ 
man serum, and 'elastase show decreased 
elastase-alPi complexes and increased free, 
active protease. At least in our hands, 
smoke-treated olFi and control alPi are in¬ 
distinguishable with respect to total quanti¬ 
ty* electrophoretic mobility, and antigenic 
behavior of the inhibitors. An important 
finding is that free radical scavengers such 
as thymol or hydroquinone prevent the sup¬ 
pression of serum elastase-inhibition by cig¬ 
arette smoke (19). In the presence of such 
agents, elastase-alPi complexes again can 
be detected following immunoelectropho- 
retic analysis of enzyme-smoke-serum reac¬ 
tion mixtures, and free enzyme is not seen. 
Also, treatment of serum with'model oxi¬ 
dants under conditions that favor selective 
oxidation of methionine groups leads to a 
similar suppression of serum elastase inhibi¬ 
tion (16,19,20). These observations suggest 


JANOFF, CARP, LAURENT. AND RAJU } 

Upon phagocytosis or exposure to certain , ^ j 
membrane-active agents, phagocytes under- ] 

go a “respiratory burst” characterized by in- . 1 

creased oxygen consumption, increased pro- \ 

duction of hydrogen peroxide, and increased \ 

utilization of glucose via the hexose mono- • ! 
phosphate shunt. The increase in oxygen » 

consumption may be related to activation j 

of a cyanide-insensitive, membrane-bounds 1 

NAD(P)H-dependent oxidoreductase that j 

catalyzes the single electron reduction of i 

molecular oxygen to the superoxide radical, 1 

as in equation (i): .. ... ,t 


20z + NAD(P)H-20j + NAD(P)* + H*. 


The NAD(P) generated in this reaction stim¬ 
ulates the hexose monophosphate shunt be¬ 
cause NAD(P) is a substrate in the first step 
of this metabolic pathway. In this first step, 
gIucose-6-phosphate is converted to6-phos- 
phogluconate by gIucose-6-phosphate dehy¬ 
drogenase. At the same time, NAD(P) is 
convened to NAEKP)H, thus replenishing 
the substrate required for the membrane 


that oxidation reactions, perhaps mediated oxidase in equation (i), NAD(P)H gener- 


Oxidants Produced by Combustion 
1 of Cigarettes 

Cigarette smoke displays a wide range of 
ftce-radical mediated activities including 
peroxidation andialkylation reactions both 
in vitro and in vivo (31). Aqueous solutions 
of cigarette smoke can oxidize cysteine sulf- 
hydryl groups, a reaction that is blocked by 
the free-radical scavenger thymol (32); Cig¬ 
arette smoke contains approximately 2 x 
10 ,J free radicals per puff (33 )j Half of 
these appear to be polymeric phenoxy radi¬ 
cals related to melanin-like tobacco leaf pig¬ 
ments and are present in the particle frac¬ 
tion of cigarette smoke. They have a half-life 
of lOhoinvon cigarette filters or in organic 
solvents after extraction of filters. An equal 
number of free radicals are found in the gas 
phase of,cigarette smoke. These are mainly 
oxygen-centered radicals with half-iives of 
10 min in the gas phase and I min in aque¬ 
ous solution; In addition to the radicals 
produced during burning of cigarettes, cig¬ 
arette smoke also may contain up to 800 
ppm of nitrogen oxides (NO x ), especially 
NO. Besides their own free-radical proper¬ 
ties, NO* can react with olefins in the gas 
phase of cigarette smoke (34) or with perox¬ 
ides (including, perhaps, the H 2 0 2 pro¬ 
duced by lung macrophages) to generate 
potent oxy-radicali such as hydroxyl radical 
(34,35). 


by smoke radicals of the type discussed in 
the preceding section i may be responsible 
for the observed i results. 

Similar findings have recently been ob¬ 
tained using ozone, in place of cigarette 
smoke, as a source of oxidizing activity 
(36). Ozone decreased ' the inhibition of 
trypsin, chymotrypsin, and elastase by hu¬ 
man olPi, both in plasma and in solutions 
of the pure inhibitor. Total loss of pancre¬ 
atic elastase inhibitory activity required 18 
moles of ozone per mole of pure a\ Pi. (A 
corresponding loss of the ability to inhibit 
human leukocyte elastase also was observed). 
O 20 ne-inactivated a I Pi was reported to 
contain four residues of methionine sulfox¬ 
ide as well as oxidized tyrosine and trypto¬ 
phan residues (36). 

Inactivation of the bronchial mucous in¬ 
hibitor (BMPi) in vitro by aqueous cigarette 
smoke solutions (29) or tar fractions (37) 
also has been demonstrated. Thin-layer gel- 
immunofiltration analysis of mixtures of 
aqueous smoke-treated BMPi and human 
leukocyte elastase revealed decreased das- 
tase-BMPii complexes, increased uncom¬ 
pleted BMPi, and increased free elastase 
(29). Phenolic antioxidants also prevented 
the suppression of the elkstase-inhibiting- 
capacity of BMPi by aqueous cigarette 
smoke (29), In addition; treatment of BMPi 
with chemical oxidants caused a similar 
suppression of elastase-inhibition (29 )j , 


ated by the shunt is also utilized by glutathi¬ 
one reductase. (The latter enzyme, together 
with glutathione peroxidase, functions to 
detoxify any excess hydrogen peroxide pro¬ 
duced by PMN in the course of the “respira¬ 
tory burst”.) 

The snperoxide radical formed in equa¬ 
tion (!) can react directly, or this radical can 
generate more powerful activated oxygen 
species (*) or oxygen free radicals (•*) by 
the reactions shown in equations (ii) and 
(hi). r .. 

Equation (ii), dismutation reaction: 


O! + Oj + 2H'-~ H*Oj* + Oz 
........ (or singlet Oj?>* 


Equation (iii); Haber-Weiss type reac¬ 
tion, trace metal (lactofenin (40)?) catalyzed: 


Oi + H 2 0 2 - OH** + OH' + 02 
(or singlet 0 2 ?) # 


Oxidants Produced by Phagocyte 
Metabolism 

The oxidizing systems of phagocytes, which 1 
participate in microbial-killing by these cells, 
have recently been reviewed in some detail 
<38, 39), According to present knowledge, 
the main features of oxygen metabolism in 
polymorphonuclear neutrophil. leukocytes 
(PMN) and, with some modification, in 
monocytes and macrophages are as follows. 


Theoretically, these activated oxygen spe¬ 
cies and oxygen-free radicals could inacti¬ 
vate a l Pi within the phagocytic vacuole or 
in the immediate environment of the phago¬ 
cytic cell. 

In addition to the reaction shown in 
equation (iii), hydrogen peroxide can par¬ 
ticipate in other oxidative processes by serv¬ 
ing as a cofactor for myeloperoxidase of 
PMN and monocytes. A second cofactor^ 
usually a halide such as chloride or iodide 
anion, also is required. (Thyroid hormones 
can serve as a source of iodide for PMN.) 
In these myeloperoxidase-catalyzed reac¬ 
tions, hypohalOus acids (e g., HQC1) or 
free halogens (e.g., iodine) can be formed 
and these, in turn, are powerful oxidizing 
agents. 

Activation of the membrane-oxidase that 
initiates the foregoing series of reactions 
(see equation i) appears to require a limited- 
proteolysis step mediated by a serine- 
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enzyme with ehymotrypsin-like activity 
i (41). However, PMN and monocytes of im 
dividuals with chronic granulomatous 
disease appear incapable of activating the 
membrane-oxidase during phagocytosis or 
exposure to membrane-active agents. In 
these subjects, a normal “respiratory burst” 

~ does not accompany the stimulatory event. 
This condition is one of several in which 
phagocyte oxidative reactions are impaired, 
with serious consequences for host an- 

• timicrobial idefense. . - vV-■ : i *v • ” ••. 
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Enhanced Oxidant Production by Lung 
Macrophages of Cigarette Smokers 
Chronic cigarette smoking not only in¬ 
creases the numbers of PMN (42) and 
macrophages (43) in the lung, but also ac¬ 
tivates these cells metabolicaliy (43). 
Among the metabolic pathways that are 
stimulated in smokers’ macrophages are 
those leading to production of superoxide 
radical and H 2 G 2 (44). It therefore seems 
reasonable to propose that stimulated 
phagocytes in the lungs of cigarette smokers 
might be capable of generating oxidants 
(hat, in turn, could inactivate proteinase in¬ 
hibitors in the environment of these cells. 
Evidence showing that stimulated phago¬ 
cytes can indeed inactivate alPi and BMPi 
in vitro has been obtained in several: 
laboratories; some of this evidence will now 
be summarized. 


In Vitro Inactivation of Antiproteases by 
. Products of Oxygen Metabolism 
- in Phagocytes 

We previously showed that human PMN, 
phagocytosing opsonized antigen+antibody 
complexes absorbed to the outer surface of 
dialysis membranes, produce diffusabli 
species of activated oxygen capable of inac¬ 
tivating the elastase-inKibitory capacity 
(EIC) of wholi serum or pure alPi on the 
other side of the membrane (45). In this 
system, serum EIC was partially protected 
by superoxide dismutase, catalase, or man¬ 
nitol, suggesting that hydroxyl radical; 
formed by interaction of superoxide radical 
and hydrogen peroxide, might have been 
responsible for the observed inactivation. 
Sodium azide also partly protected EIC, 
implicating myeloperoxidase-mediated re¬ 
actions as well. A cell-free superoxide gen¬ 
erating system i (xanthine + xanthine oxi¬ 
dase) also was shown to inactivate a I Pi in 
this system. 

In related ; studies, Matheson and 'col¬ 
leagues (46, 47) demonstrated that purified 
myeloperoxidase (MPO) in the presence of 
hydrogen peroxide and a halide ion could 
catalytically inactivate olPi in vitro, where¬ 
as two protease inhibitors more resistant 
to oxidants (tr2 macroglobulin and ol- 
antichymotrypsin) were not affected by 
such treatment. These same investigators 
also directly showed that the active site 
methionine residue in a, Pi, as well as an ad-1 
jacent methionine residue, had been oxi¬ 


dized to the sulfoxide form by the MPO 
system (47). 

More recently, we Have extended our 
studies of phagocyte-mediated oxidative in¬ 
activation of alPi' to include human 
mononuclear phagocytes (blOod monocytes 
and alVeolkr macrophages), as well as PMN 
(4$). These cells were activated by a selec¬ 
tive membrane perturbing agent, phorbol 
myristate acetate (PMA), rather than by 
phagocytosis. Uhder these conditions, “re¬ 
spiratory burst" products were formed 
without bulk release of azurophil granult 
constituents. Such stimulated cells gener¬ 
ated superoxide radical and suppressed elas- 
tase-inhibition by human serum. Scaven¬ 
gers of superoxide radical and H 2 0 2 partly 
prevented this effect. Immunoelectropho- 
retic analysis of elastase reacted with serum 
that had been exposed to stimulated PMN 
showed decreased olPi-elastase complexes 
and free elastase. Treatment of phagocyte- 
inactivated serum with dithiothreitol (a re¬ 
ducing agent) resulted in significant recov¬ 
ery of inhibitory activity against elastase 
suggesting that, originally' a] Pi had been 
oxidatively inactivated. Moreover, PMN 
and monocytes from a patient with chronic 
granulomatous disease (which do not un¬ 
dergo a “respiratory bursty, as expected, 
failed to produce detectable levels of super¬ 
oxide anion after stimulation with PMA, 
and these cells also failed ito suppress serum 
elastase-inhibition. 

Although PMA stimulates phagocyte 
respiration (including Oi and H 2 0 2 produc¬ 
tion), this agent induces only minimal 
azurophil degranulation. However, because 
myeloperoxidase (MPO) is capable of 
catalytically inactivating alPi (pne mole of 
purified MPO was shown to inactivate 250 
moles of o I Pi per min, in a cell-free system 
(46)), the small i quantities of this enzyme 
released 1 following PMA stimulation could 
combine with Hi0 2 generated by the 
“respiratory burst” and extracellular halide 
and could participate in, a\ Pi-oxidation in 
our experiments., In support of this, we 
were able to demonstrate that azide and 
cyanide (both inhibitors of heme enzymes 
such as MPO): partly protected elastase- 
inhibiting capacity of serum against inac¬ 
tivation by the phagocytes. Furthermore, 
depletion of Cl' from the medium also part¬ 
ly protected serum elastase inhibitory 
capacity from inactivationi by stimulated 
PMN, suggesting that inactivation of alPi is 
partly dependent on a Halide cofactor. 
Catalase,, which decreases available H 2 Oi, 
alinost completely protected serum EIC 
from inactivation by PMA-stimulated cells. 

In addition to the foregoing studies, 
Gark and coworkers (49) also reported that 
the MRO j system,plays an importantirole in 
mediating oxiditive inactivation of a 1 Pi by 
PMA-stimulated PMN, but they found a 
less significant inhibition by Oi and its 
derivative-activated oxygen species. Al¬ 
though mature human macrophages are be- 




, Source: 


lieved not to contain myeloperoxidase, 
macrophages may contain other forms of 
peroxidase. Indeed, recent evidence sug¬ 
gests that a macrophage peroxidatic enzyme 
also may be able to inactivate a \Pi in a cell- 
free system (47). 

The prediction that alPi may be inac¬ 
tivated by phagocyte-derived oxidizing 
systems in vivo has been borne out by the 
work of Wong and Travis (50), who 
demonstrated inactive alPi in synovial fluid 
obtained from inflamed joints and showed 
that the inactive inhibitor was in the oxi¬ 
dized state. A total of four methionine 
residues per molecule, including the active 
site methionine, were present as methionine 
sulfoxide. Other amino acids were un¬ 
modified, although a 17 amino acid peptide 
fragment was missing from the amino ter¬ 
minus of the inhibitor.* 

The low molecular weight mucous in¬ 
hibitor, human BMPi (that helps protect 
the mucus-lined airways against PMN 
elastase and cathepsin G), also has been 
shown to lose activity after in vitro ex¬ 
posure to myeloperoxidase, hydrogen 
peroxide, and chloride ion (29). Tsan and 
Chen (51) recently even demonstrated ox¬ 
idation of free methionine by PMN and 
ascribed the effect to myeloperoxidase- 
mediated reactions and to singlet oxygen. 


Macrophage H 2 O 2 Also Could Act 
Synergisucally with Oxidants in 
Cigarette Smoke to Inactivate Lung a I Pi 
Pry or and coworkers (35) have shown that 
NO (and its derivative N0 2 ) can react with 
M 2 Oi to produce hydroxyl radical (a potent 
oxidizing agent) and other oxy-radicals, and 
have suggested that such reactions could 
take place in the lungs of smokers (34). Pre¬ 
sumably, metabolicaliy stimulated lung 
macrophages could serve as a source of 
H 2 0 2 (see preceding section on enhance¬ 
ment of macrophage H 2 0 2 production in 
cigarette smokers), whereas NO* have been 
identified as cigarette combustion products. 
Oxy-radicals produced by interactions of 
H 2 0 2 and No* could contribute to the oxi¬ 
dative inactivation of lung alPi in the ciga¬ 
rette smoker (34). Evidence indirectly sup¬ 
porting this suggestion has been obtained 
by Cohen (personal communication),! who 
finds that aqueous smoke solutions from 


• Since this article was submitted, Campbell 
and coworkers studied neutrophils in contact 
with, ,J, I-labeled fibronectin and reported that 
oxidants released from the stimulated cells did 
not protect secreted elastase against inhibition by, 
cl Pi. (Campbell EJ, Senior RM, McDonald JA, 
Cox DL. Proteolysis by neutrophils. Relative im¬ 
portance of cell-substrate contact and oxidative 
inactivation of proteinase inhibitors in vitro. Ji 
Clin Invest 1982; 70.845-52.) 

t Also, Cohen AB; James HL. Reduction of 
the elastase inhibitory capacity of alpha 1-anti¬ 
trypsin by peroxides in cigarette smoke. An 
analysis of brands and filters. Am Rev Res pi r Dis 
1982; 126:25-30. 
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different brands of cigarettes inactivate 
olPi in direct proportion to their ability to 
oxidize o-dianisidinc, and that addition of 
H 2 O 2 to the smoke solutions greatly aug¬ 
ments doth o-dianisidine oxidation and 
alPi inactivationi Cohen also suggests that' 
H 1 O 2 produced' by macrophages in the 
small! airways of cigarette smokers could 1 
enhance the oxidative damage to lung al Pi 
caused by constituents of inhaled cigarette 
smoke. - -«.■■.-■ 

Thus multiple reaction pathways can be 
envisioned by which a l Pi could be oxidized 
and inactivated in the lungs of smokers. Di¬ 
rect action ofioxidants in smoke is one pos¬ 
sibility. Another is that the involved oxi¬ 
dants are produced by lung cells stimulated: 
by smoke exposure. Still a third could in¬ 
volve oxidants generated by interactions be¬ 
tween smoke components and products of 
cell metabolisnn It now remains to present 
the evidence supporting the view that oxida¬ 
tive inactivation of olPi actually takes place 


chymotrypsin, and PMN elastase-inhibit 4 - 
ing-capacities of the partly purified frac¬ 
tions were measured. In comparison to 
nonsmokers, smokers showed a 20*70 de¬ 
crease in functional activity of BMPi per 
mg of inhibitor (measured by radial immu¬ 
nodiffusion! against antrBMPi antibody). 
This reduction was not related to patient 
age or sex (29). 


In Vivo Evidence for Inactivation of Lung 
Antiproleases by Cigarette Smoking 
Earlier, we found that brief inhalation ex¬ 
posure of rats to 3 or 6 puffs of cigarette 
smoke significantly decreased elastase in¬ 
hibitory capacity per mg a I Pi in lung lavage 
fluid (52). Gadek and colleagues measured 
the inhibitory activity of alPi obtained 
from the lungs of smoking and nonsmoking 
humans and reported a nearly twofold re¬ 
duction in the functional activity (versus 
pancreatic elastase) of this inhibitor in the 
lungs of cigarette smokers (53). Recently, 
we confirmed the fact that functional activ¬ 
ity of alPi is significantly decreased (40%) 
in smokers* bronchoalveolir lavage fluids 
(BAL) compared with alPi derived from' 
nonsmokers’ BAL. In our study (54), the 
suppressant'effect of smoking on alPi ac¬ 
tivity was shown using PMN elastase as test 
enzyme. Moreover, suppression of o-lPi 
was found to be reproducible when selected 
smokers and control individuals were la- 
vaged on repeated occasions. Crossed anti¬ 
gen-antibody electrophoresis using anti* 
bodies directed against alPi and elastase 
confirmed that inactivation of alPi was re¬ 
sponsible for the decrease in EIC of 
smoker’s BAL. However, other workers 
(Stone and coworkers, Aspen Lung Confer 
cnce, June 1982) failed to detect decreased 
levels of functional a l Pi in the lower respi¬ 
ratory tract of human smokers. A critical 
variable may be the length of elapsed time 
betweenlast cigarette smoked and lung la¬ 
vage in different laboratories. . 

Cigarette smoking also may be associated 
with decreased functional'activity of bron¬ 
chia! mucous proteinase inhibitor (BMPi). 
Starting with tracheal aspirates obtained 
from patients undergoing elective surgery 
for non-pulmonary disorders, we partially 
purified BMPi from mucus collected from 
15 smokers and 21 nonsmokers. Trypsin, 


Evidence that In Vivo Inactivation ofalPi 
in Cigarette Smokers is Due to Oxidation 
Using the animal model referred to in the 
preceding section (i.e., rats acutely exposed 
to cigarette smoke inhalation), we obtained 
indirect evidence suggesting that lung olPi 
inactivation .in< vivo is caused by oxidation 
of the inhibitor. We found that rats adapted 
to oxidant-injury by exposure to 2 ppm 
ozone for 4 h, one wk prior to cigarette 
smoke inhalation, had normal! Icveli of 
alPi activity in their lung lavage fluids after 
smoking. Control, unadapted rats showed a 
30% decrease in elastase-inhibiting-capacity 
per mg lung alPi after identical ismoke ex¬ 
posure (52 )j In addition, when lavage fluids 
obtained from smoke-exposed rats were di¬ 
alyzed against the reducing agent, sodium 
metabisulfite, there was a 75% recovery of 
normal elastase-inhibiting-capacity (52). The 
recovered Inhibitory capacity was solely due 
to reactivated alPi, because antibody to rat 
alPi completely abolished the activity of 
sodium metabisulfite-treated samples. The 
reducing agent had no effect on the activity 
of the test enzyme. 

In studies on human smokers (54), we ob¬ 
tained direct evidence to support the sug¬ 
gestion that lung al Pi inactivation in vivo is 
caused by oxidation of the inhibiton It was 
shown that partially inactivated alPi 
purified from smokers’ bronchoalveolar la¬ 
vage fluids (BAL) contained methionine 
sulfoxide, whereas fully active inhibitor pu¬ 
rified from BAL or serum of nonsmokers 
did not. (Although we only detected changes 
in methionine, our conditions were de¬ 
signed to facilitate methionine sulfoxide 
quantitation'and, conceivably, may have 
masked additional changes in other amino 
acid residues). Four moles of methionine 
sulfoxide were detected per mole of inactive 
a!PL; which conforms closely to the value 
obtained by Wong and Travis (50) for alPi 
purified from rheumatoid synovial fluid. In 
the latter case, sequence analysis showed 
that the active-site methionine had been 
oxidizedi Similar studies will be necessary 
to establish the location of the oxidized 
methionine residues present in smokers’ 
lung fluid al Pi. 

The partially inactive a I Pi present in 
smokers’ BAL could not be distinguished 
from the active a] Pi present in monsmokers’ 
BAL on the basis of immunoreactivity, 
electrophoretic mobility, or molecular 
weight. Thus, smokers’ lung a 1 Pi appears 
not to be grossly denatured, inactivated by 
complex formation with granulocyte pro- 


'rVV9 




JANOFF, OARP, LAURENT. AND RAJU 

s--. . - -■ 

■ . ' - .. • *3' '■UX?:. 

teases (55), or significantly degraded by 
thiol-proteases (56)j or by macrophage elas- 
tase^T). These latter agents alter the native 
electrophoretic mobility (55) or molecular 
weight of the inhibitor (56, 57). Alpha lPi 
inactivation by cigarette smoke in vivo also 
is not likely due to nonspecific denaturing 
effects of smoke on lung proteins (37) be¬ 
cause functional activity of a-l-antichymo- 
trypsin (a protease inhibitor that is resistant 
to inactivation by oxidation (58]) is un¬ 
changed in smokers’BAL. • - - a 


Does Cigarette Smoke also Inactivate 
PMN Elastase? . 

In order for the oxidation hypothesis of 
smokeris emphysema* as put forward previ¬ 
ously, to have merit, it is also necessary to 
show thati cigarette smoke does not inacti¬ 
vate leukocyte elastase to the same extent as 
it does cl Pi. Although the enzyme is known 
to be more resistant than the inhibitor to in¬ 
activation by chemical and phagocyte-de¬ 
rived oxidants (20, 29; 45, 48), the relative 
rates of inactivation of: these two proteins 
by cigarette smoke are unknown. Recently, 
Ohlsson and colleagues (37) reported'that 
human granuldcyte elastase is severely inac- 
tivared by dimethylsulfoxide solutions of 
the tar fraction of cigarette smoke, and 
Ejiofor and coworkers (59) reported partial 1 
inactivation of the enzyme by water-solu¬ 
ble, gas phase components of cigarette 
smoke. In the latter study, the enzyme was 
incubated with a relatively high concentra¬ 
tion of smoke solution for prolonged time 
periods and the rate of its inactivation was 
measured^ However, no effort was made to 
compare this rate with that of al Pi-inacti¬ 
vation under identical incubation conditions. 

We recently carried out an experiment 
(60) to compare the inactivation of human 
serum alPi and human granulocyte elastase 
by different concentrations and types of 
smoke extracts. Various amounts of aque¬ 
ous solutions of gas phase cigarette smoke 
were incubated with pure human leukocyte 
elastase or with crude human leukocyte 
granule extract for 10 min at 37° G, and the 
effects on enzyme activity determined using 
a synthetic amide substrate. Simultaneous¬ 
ly, equal concentrations of the same smoke 
solutions were incubated with 10%. human 
serum under identical conditions, and the 
effects on serum inhibition of purified or 
crude leukocyte elastase were similarly 
measured. 

In separate experiments, aqueous solu¬ 
tions of unfractionated cigarette smoke 
were incubated with pure leukocyte elastase 
or with serum'for 30 min at 22® C. Ability 
of the smoke-treated enzyme to digest elas- 
tin and of the smoke-treated serum to in¬ 
hibit elasiimdigesiion was then determined 
by measuring radial elastolysis in > elastin- 
agar plates. Both experimental protocols 
clearly showed that serum elastase-inhibit- 
ing capacity is much more susceptible to in¬ 
activation by cigarette smoke than is leuko- 
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: cytc elastase when these proteins arc incu- 
* bated with water-soluble smoke extracts for 
relatively short times. For example, at con¬ 
centrations of smoke that inactivated half 
the cri Pi (mimicking observed levels of orlPi 
activity in smokers* lung wash (53, 54), only 
a 10% loss in PMN el&stase aaivity could 
v be measured. Similar results were obtained 
with both synthetic (amide) and natural 
(elastin) substrates, gas phase smoke and 
unfractionated whole smoke, and with pure 
enzyme and crude leukocyte granule extract 
(60), ■■ •«-• ‘■.•r-nu*u*-± -;; 7 .-■ 

-An obviously important question is 
whether a short or a long incubation time in 
vitro best duplicates the conditions govern¬ 
ing interactions among elastase, a 1 Pi and 
inhaled smoke in vivo. Our results at least 
suggest that; should a 1 Pi and elastase in 
lung fluids be simultaneously exposed to in¬ 
haled smoke, half the antiprotease could 
become inactivated before the enzyme was 
. significantly affected: This would potenti¬ 
ate the ability of elastase to attack its sub¬ 
strates in the lung before its own aaivity 
was suppressed by smoke products. 

Other Effects of Cigarette Smoking on 
Lung Prolease-Antiprotease Balance 
Although not' immediately relevant to the 
present discussion of oxidative processes in 
emphysema, af least brief mention should 
be made of the fact that cigarette smoking 
also causes increased numbers of PMN and! 
macrophages to appear in the lung (42, 43), 
both of w hich cell types have the capacity to 
secrete el&stase. The recruitment of PMN 
into smokers’lungs may involve prior acti¬ 
vation of pulmonary macrophages by 
smoke components because stimulated I al¬ 
veolar macrophages can elaborate chemoat¬ 
tractants for PMN (42, 61-64). Further de¬ 
tails canibe found in earlier reviews of the 
subject (e.g., 5, 43). . 

The increased numbers of lung macro¬ 
phages and PMN caused! by smoking (as 
well'as the inactivation of elastase inhibi¬ 
tors) leads to the prediaion that increased 
elastase aaivity might be detectable in lung 
fluids of smokers. In preliminary studies by 
■ the authors (Janoff A, Raju'L, Deaf.ng R, 
unpublished observations), 7out of 11'smok¬ 
ers showed elevations in PMN elastase ac¬ 
tivity oflung fluids compared with II non¬ 
smoking control! subjeas (albeit involving 
very small amoun ts of enzyme (< 10 ng/mg 
lavage albumin)). The enzyme was meas¬ 
ured 1 in concentrated bronchoalveoJar 
lavage effluent using the highly sensitive 
and specific elastase substrate, butyloxy- 
carbonyM-alanyl-Nalanyl-1 -prolylll-valyfi 
aminomethylcoumarin (65) (a generous gift' 
of Dr. Morris Zimmerman; Merck Institute, 
Rahway, NJ), In one experiment, aaivity 
was completely inhibited by phenylmeth- 
anesulfonyj fluoride (10 m\l) but only part¬ 
ly inhibited by eihyjenediaminetelraacetate 
(10 mM), suggesting that the elastase might 
be a serine enzyme (PMN or monocyte-de¬ 


rived) rather than a metallo-enzyme (mac¬ 
rophage-derived) on that bot h enzymes were 
present. It may have been complexed to 
a2-macroglobuIin because, in another' ex¬ 
periment, activity ofilavage was not signifi¬ 
cantly decreased by added serum. 

Thus, lung fluids of smokers appear to 
contain some oxidized, inactivated ol Pi 
(see previously) and, in some cases, small 
amounts ofielastase activity,(but more than 
is found in nonsmokers* lungs). Taken to¬ 
gether, these findings point to the possibil¬ 
ity that protease-anti protease balance in the 
lung may well be disturbed by such diverse 
effects of smoking as recruitment and 1stim- 
ulationiof protease-secreting cells and inter¬ 
ference with protease-inhibiting funaions 
of alPi and BMPi. In the next seaion, an 
additional] newly discovered effect of smok¬ 
ing on elastin synthesis will be described, 
suggesting that even a third “chemical le¬ 
sion" may result from smoking;; one that 
could further exacerbate the development 
of emphysema in susceptible individual*. 

Does Cigarette Smoking Exert an 
Inhibitory Effect on Elastin Repair? 
Desmosine is a major cross-linking amino 
acid in elastin, and its formation is depen+ 
dent upon the oxidative deamination ofic- 
amino groups of lysine residues in tropoel&s- 
tin by the copper-dependent'enzyme, lysyl 
oxidase. We recently (66) measured desmo- 
sine formation during elastinogenesis in 
v/fro; using a cell-free system consisting of 
tropoelastin purified from chick embryo 
thoracic aorta or porcine aorta and lysyl 
oxidase purified from chick embryo or bo¬ 
vine lung. Desmosine formation was meas¬ 
ured quantitatively using a specific, highly 
sensitive radioimmunoassay previously de¬ 
scribed (67). Desmosine synthesis could be 
demonstrated in this system with both ho¬ 
mologous components (chick tropoelastin 
and chick lysyl oxidase) as well'as with he¬ 
terologous components (pig tropoelastin 
and bovine enzyme). Synthesis could be in¬ 
hibited 80 to 90% in either iystem in the 
presence of a F20 dilution of aqueous ex¬ 
tract of fresh cigarette smoke. Moreover, 
the inhibitory ccmponenr(s) also could be 
demonstrated in i the gas phase of filtered 
cigarette smoke and they behaved as nega¬ 
tively charged substance(s); during ion-ex¬ 
change chromatography (66). 

More recently, we also showed that 
water-solubli components ofi the gas phase 
of filtered cigarette smoke inhibit the first 
step in lysylioxidase-catalyzed oxidative de¬ 
amination of free t-amino groups of elastic 
The inhibitory effect of smoke w-as dose de¬ 
pendent. Because this step is also involved 
in formation iofi of her elastin cross-links be¬ 
sides desmosine, the inhibitory action of 
cigarette smoke may have broad effects on 
elastin synthesis. The foregoing studies are 
described in further detail elsewhere (68)j 

Independently, Osman and associates 
(69) have simultaneously reported that to¬ 


bacco smoke exposure retards elastin repair 
in vivo . Using hamsters ini which experi¬ 
mental emphysema was first induced by a 
single intratracheal injection of pancreatic 
elastase, these investigators showed that 
pulmonary elastin content is regained 
within 1 wk after injury in animal* not ex¬ 
posed to cigarette smoke. By contrast, elas- 
tase-injured “hamsters exposed! to 6 to 7 
puffs of cigarette smoke ati hourly intervals 
for 8 h/day during the same repair period 
do not resynthesize elastin at the same 
rate.” These workers injected ,4 C-Iysine 
during the repair phase after injury and 
found that “smoke exposure reduced ,4 C- 
lysine incorporation into desmosine and 
isodesmosinc by more than 40 percent” 
(69). 

It Has been suggested that elastin resyn¬ 
thesis may limit' the degree of anatomic de¬ 
formity in pulmonary emphysema (70), 
largely on the basis of evidence showing 
that lysyfoxidase inhibitors (such as p-ami- 
noproprionitrile) greatly exacerbate the le¬ 
sions induced by intrapulmonary elastase 
administration (70). Thus, the demonstra¬ 
tion that elastimsynthesis is blocked by to¬ 
bacco smoke components (66, 68, 69), may 
also help to explain the increased risk of 
pulmonary emphysema associated with cig¬ 
arette smoking: 

A Final Speculation: Inhibition of 
Transglutaminase by Cigarette Smoke- 
Potential Pathophysiological Effects 
on Lung 

Ggarette smoke contains a complex array 
of chemicals, and smoke solutions may 
therefore modulate other pathways of lung 
metabolism besides those already mentioned! 
in this report. For example, lung transgluta¬ 
minases may be inhibited by cigarette 
smoke because transglutaminase in plasma 
(aaivated faaor XIII of the clotting cas¬ 
cade) recently was found to be suppressed 
by smoke solutions (71), 

Transglutaminases catalyze several acyl 
transfer reactions in which y-carboxamide 
groups of peptide-bound glutamine resi¬ 
dues serve as acyl donors. Epsilon- (yglhta- 
myl) lysine cross-link formation (as in cross- 
linking of fibrin polymers during hemosta¬ 
sis) is perhaps the best recognized example 
(72). However, tissue transglutaminases 
may have several other functions. For ex¬ 
ample, a transglutaminase in macrophages 
has been implicated in regulating receptor-’ 
mediated endocytosis of o2-macroglobulin 
and other molecules (73)j Might suppres¬ 
sion of such an enzyme by cigarette smoke 
affect'the endocytic:activity, of pulmonary 
macrophages? Again; fibroblast transgluta¬ 
minases have been implicated in stabiliza¬ 
tion of a rigidly cross-linked cytoskeleton 
conducive to a nonproliferative state (74), 
Might inhibition of this enzyme function by 
inhaledioigarette smoke derange cytoskele- 
tal architecture in some lung cells and in¬ 
crease the risk of lung cancer in smokers? 
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.> A Biochemical Links Between Cigarette 
Smoking and Pulmonary Emphysema— 

; G/rre/ir 5/o/iu o/ Me Hypothesis 
Currently, three separate actions of ciga¬ 
rette smoking on lung metabolism have 
been recognized, which may act together to 
increase the risk of chronic obstructive lung 
disease in smokers. First, cigarette smoking 
may promote the oxidative inactivation of 
major elastase inhibitors in the lung (alPi 
and BMPi). Evidence was presented in this 
report implicating actions of smoke oxi¬ 
dants and of oxidants generated by meta- 
bo l ically-stimul at ed lung cells in smokers. 
Synergistic effects involving both forms of 
oxidizing activity also are possible. Second, 
smoking may simultaneously increase the 
elastase “burden” on the pulmonary con¬ 
nective tissue by activating the recruitment 
of macrophages and neutrophils to the 
lung. Third, newer evidence suggests a pre¬ 
viously unsuspected effect of smoking, 
namely, inhibition of cross-link formation 
during resynthesis (repair) of clast in. These 
relationships are summarized in figure 1. 

It seems reasonable to suggest that the 
distribution within the acinus of these three 
smoking-linked “biochemical lesions” (oxidit- 
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lion of alPi, recruitment of elistase-sccret- 
• r ing cells, inhibition of elastin repair), might 
parallel the acinar distribution of inhaled 
smoke. Noxious components of cigarette 
.smoke (oxidizing free radicals, cell-stimu¬ 
lating particulates, putative lysyl-oxidasc 
inhibitors such as cyanide (75), or copper* 
chelators (76)) would be expected to have 
their greatest impact at the bifurcation of 
the terminal bronchiole and first-generation 
respiratory bronchioles (77). It is just in this 
centriarinar zone that the anatomic lesion 
of emphysema typically manifests itself in 
cigarette smokers. These relationships are 
depicted schematically in figure 2. 


//. Questions for Future Study 
Although the mechanisms proposed in this 
report, taken together, constitute an attrac¬ 
tive hypothesis for the pathogenesis of em¬ 
physema in cigarette smokers, many ques¬ 
tions still remain. Foremost among these is 
the need to explain the variable susceptibil¬ 
ity among smokers to development of the 
disease. It seems safe to assume that there 
are other genetic and/or environmental risk 
factors affecting the outcome, in addition 
to those described previously. 

One suggestion holds that antioxidants 
may play a key role. It has been i suggested 
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that ceruloplasmin, a major plasma antioxi¬ 
dant in man, can protect alPi against inac¬ 
tivation by myeloperoxidase (Taylor JC, per 
sonal communication )j In addition, a newly 
discovered enzyme, methionine-sulfoxide 
reductase, is especially interesting in this re¬ 
gard. This enzyme was first purified from 
E. co//, but an analogous enzyme has since 
been demonstrated! in mammalian tissues 
including lung and blood. The microbial 
enzyme can reduce methionine sulfoxide in 
proteins to native methionine (78) and is ca¬ 
pable of partiaJly reactivating chemically- 
oxidized a 1 Pi (79)j Further studies of the 
mammalian methionine-sulfoxide reductase - 
and of ceruloplasmin appear warranted be¬ 
cause individual variation in the activity of 
these enzymes in lung or blood could con¬ 
ceivably exert a profound influence on pul¬ 
monary protease-antiprotease balance in 
smokers. 

It is also worth noting that o I Pi function 

* is depressed in bronchopulmonary secre¬ 
tions of infants exposed to hyperoxia, as 
part of current management protocols for 
infantile respiratory distress syndrome 
(IRDS) (80 )j Could protease-antiprotease 
imbalance, thus acquired; play a role in the 
development of bronchopulmonary dyspla¬ 
sia, a not infrequent, emphysema-like com- 
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Rg. 1 (/e/0. Proposed biochemical links between cigarette smoking and the pathogenesis of emphysema, (t) Smoking recruits monocytes macrophages and 
(through macrophage chemotactic factors) PMn to lung, derating the connective tissue -burden** of elastoly tic serine and metalldproteases. (ill) At the same 
time, oxidants In smoke plus those produced by smoke-stimulated lung phagocytes (as well as oxidizing products of chemical interactions between these two) 
Inactivate BMPi and *,Pi, the latter representing the major antielastase "shield" of the respiratory units. (II) Other, unidentified water-soluble gas phase com¬ 
ponents of cigarette smoke (cyanide? cop pe re delators?) Inhibit lysyl bxidase catalyzed oxidative deamination of z-amino groups in Iropoelaslin and block for¬ 
mation of desmosine (and presumably other) cross links during elastin Synthesis, thus decreasing connective tissue repair. (IV) Anti-oxld&nts (ceruloplasmin? 
methionine-sulfoxide- reductase?) may protect or reactivate eiastase-inhib.lbrs, and other unidentified factors may modulate the chemical lesions induced in 
the tung by smoking so as to influence the risk or developing chronic obstructive lung disease. (Reproduced by permission from IM-I hlernal Medicine for the 
Specialist, Vol. 3, NO. 3 March 198Z) Fig. 2 [right). Biochemical lesions induced by smoking are believed to parallel the distribution of Inhaled smoke In the 
diagram, only the Inactivation ,of »,PI by oxidizing activity is shown, bul ithe same reasoning can be extended to include the other 2 chemical lesions shown in 
figure 1. On the right-hand side of figure, the inhaled smoke constituents are shown as achieving their greatest concentration in the cenlfiacmar zone (bifurca¬ 
tion of terminal bronchiole and first-generation respiratory bronchioles).; Therefore, although the overall inactivation of 0 ,Pi measured in fluids recovered from 
the lower .respiratory tract ol smokers is about 50 V* (see text), the respiratory epithelium in the centriacinar structures may be more severely depleted of active 
elastase Inhibitor. Thus, in smokers, active ®, Pi concentration in this zone may reach the disease threshold that is present throughout the acinus in 
homozygous ®,Pi deficiency {ZZ In the diagram). This could explain why centriacinar emphysema Is most often associated with cigarette smoking whereas 
panacihar emphysema la more characteristic of ZZ disease. (MZ * heterozygous a,pi 1 deficiency.) (Reproduced by permission from IM,-Internal Medicine for 
the Special list; Vol. 3, NO. 3 March 1982.) 
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plication of IRDS? Similarly, oxidative pro¬ 
cesses may disrupt protease-antiprotease 
balance in the lungs of adult patients treated 
with hyperoxia for acute respiratory distress 
syndrome (ARDS). Abnormal functional 
levels of P\1N elastase and a I Pi have been 
reported in some ARDS patients (see Coch¬ 
rane’s report in this symposium). 

Future work also may extend the oxida¬ 
tion hypothesis to embrace lung injury as¬ 
sociated with exposure to other environ¬ 
mental pollutants besides cigarette smoke. 
For example, oxidizing gases such as the ox¬ 
ides of sulfur and nitrogen, as well as 
ozone, are frequent environmental pollu¬ 
tants in urban areas and industrial sites, and 
one of these (ozone) has already been 
shown to inactivate al Pi iwi vitro (36). How¬ 
ever, direct oxidant-injury to lung connec¬ 
tive tissue, independent of protease-media¬ 
tors, also must be considered in all of the 
foregoing: Indeed, oxidant cytotoxicity (81- 
83) and oxidant-mediated damage to inter¬ 
cellular macromolecules such as hyaluronic 
acid' (84, 85) and collagen (g6) are well es¬ 
tablished: Direct injury by oxidants has 
been proposed as the chief mechanism re¬ 
sponsible for the interstitial pulmonary fi¬ 
brosis that can i be induced in experimental 
animals by intratracheal instillation of per¬ 
oxidases together with an H 2 0 2 -generating 
system (87). Similarly, the role of direct oxi¬ 
dant-mediated injury needs to be explored 1 
in i the pathogenesis of emphysema of ciga¬ 
rette smokers and individuals exposed to in¬ 
dustrial pollutants. 
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